ABSTRACT Rainfed lowland rice is the most popular choice for rice cultivation in Sarawak, Borneo. In general, rice production in Sarawak consists of seven phases, namely, preparing land, establishing crop, transplanting, managing crop, harvesting, post-harvesting, and milling. Most farmers in Sarawak depend on indigenous knowledge and experience for rice cultivation. In this paper, an improved fuzzy failure mode and effect analysis (FMEA) with genetic algorithm-based design of fuzzy membership functions and monotone fuzzy rules relabeling is employed as a knowledge-based tool for risk analysis and assessment pertaining to rice production in Sarawak. The specific focus is on issues related to the environment as well as health and safety of farmers and consumers. With the support from the Sarawak Government, we analyze useful data and information pertaining to various rice fields from experienced farmers to develop the fuzzy FMEA model. Specifically, we develop fuzzy FMEA to inculcate the best practices for farmers to improve yield and enhance food safety. Through this paper, we identify that musculoskeletal disorders due to bad postures is the most noticeable occupational health hazard; as a result, new techniques and tools are invented and introduced to mitigate this risk. In summary, this is a new attempt to implement a quality and risk assessment tool that contributes toward enhancing rice productivity in Sarawak, and modernizing the local agricultural sector.
I. INTRODUCTION
Rice, or scientifically known as Oryza Sativa (Asia rice) or Oryza Glaberrima (Africa rice), or commonly known as padi is one of the most important staple food sources worldwide for centuries [1] . It is also the dominant cereal crop in most Asian countries. Approximately 90% of rice production comes from Asia, and rice contributes approximately 35% to 60% of calories consumed by 3 billion Asian [1] . In European countries, the consumption of rice has significantly increased in the last few years, due to immigration and diversification of diets [2] . Nowadays, people in Sarawak (located in the Borneo Island) still depend on imported rice, since the governance of Brooke (1841-1941) [3] . There are three sub-species of Oryza Sativa [4] : (i) non-sticky and slender grain (Indica); (ii) sticky and short rounded grain (Japonica or Sinica); (iii) large bold grain (Javanica). Indica grows in monsoon climates such as in the south and Southeast Asia; Japonica usually grows in moderate climates such as in China; while Javanica is the intermediate species originated from the hilly areas of Southeast Asia such as in Indonesia [4] . Note that, padi means rice in the Malay language [5] , while paddy, which is derived from padi, is synonymous to rice soil [5] .
Rice usually grows under diverse conditions, ranging from upland aerobic conditions to irrigated anaerobic conditions, including drought prone and flood-prone eco-systems [6] . According to the International Rice Research Institute (IRRI) [2] , [7] , [8] , rice generally grows in four eco-systems: (i) upland or dryland; (ii) rain-fed lowland (or wet rice); (iii) irrigated lowland or flooded; (iv) deep-water or floating. In practice, a rice field can be categorized into either irrigated (water supply is controlled), or rain-fed (water supply is uncontrolled) [9] . According to the Department of Agriculture, Sarawak (hereafter abbreviated as DOA) [10] and the Ministry of Modernization of Agriculture, Native Land and Regional Development, Sarawak (hereafter abbreviated as MANRED) [11] , rice in Sarawak is mainly cultivated in three different ecologies: (i) rain-fed upland; (ii) rain-fed lowland; (iii) irrigated lowland. Rice yield from an irrigated eco-system is usually double that of rain-fed lowland [12] . It has the highest yield [8] as compared with those from other ecologies. Meanwhile, upland rice yield is usually half of that from rain-fed lowland rice [12] .
The history of rice production in Sarawak is closely related to the human ecology of Borneo [13] , [14] as reported in [15] - [17] . Producing a precise brief on the history of rice production in Sarawak is difficult, as it involves too many ethnic groups (e.g., Iban, Bidayuh, Melanau, Kayan, Kenyah, etc) with differences in culture, practices, and beliefs. However, various schemes to subsidize rice planting in Sarawak have been established, which could be traced back to 1958 by the local government, e.g., Assistance to Padi Planter Scheme [18] . Recently, rice planting in Sarawak is coordinated and assisted by a number of government agencies, e.g. DOA, MANRED, and the Department of Irrigation and Drainage Sarawak (hereafter abbreviated as DID) [19] . Over the years, the usage of fertilizers and herbicide is encouraged by DOA [10] , while efficient drainage and irrigated systems are established by DID [19] . Effort on farm mechanization is in progress too [10] , [11] , [20] . Besides that, seed varieties with high yield are introduced by IRRI [21] and the Malaysia Agriculture Research Development Institute (MARDI) [20] , resulting in shorter planting durations and better yields [20] , [21] , as well as allowing double cropping [9] , [20] to be realized.
Nowadays, in Sarawak, permanent rice cultivation is widely practiced, but mostly in a small-scale manner, with simple bund and drainage systems. Besides that, rice is produced manually based on human labor [10] , [20] , with minimum automation and technology aids [10] , [20] . With modern seeds (usually MR219), shorter planting durations [10] , [20] and better yields [10] , [20] can be achieved. However, the use of irrigated systems and harvest machines is still limited [10], [11] . According to DOA officers, most rice cultivation in Sarawak operates on single cropping per year, usually from October to April, i.e., the wet season (also known as the main season). Double cropping is conducted only with proper infrastructure, such as with efficient irrigation and drainage systems, good accessibility to rice farms (e.g., well maintained roads), mechanization to facilitate plantation operations (e.g., farm tractor, row transplanter, mist blower, and combine harvester), and with high-yield seeds [10], [11] , [20] . To date, shifting cultivation of upland rice is still practiced by minority farmers in the interior hilly areas [10], [11] , [17] , [22] , [23] and sub-urban areas [10], [11] of Sarawak. Three famous rice varieties from Sarawak are Bario [24] , Biris [25] , and Bajong [26] .
A. AIM AND OBJECTIVES
Among the key challenges of rice production in Sarawak are (i) reduced production due to various types of diseases [27] ; (ii) pest destruction [7] , [28] , [29] ; (iii) climate change [7] ; (iv) less efficient crop management [27] . This research is inspired by a number of guidelines on the best practices and their impacts on crop yield in the literature, e.g., ricecheck in Australia [30] , [31] palaycheck [32] , rice crop manager [33] in Philippines, and System of Rice Intensification (SRI) in Madagascar [34] , [35] . Besides that, intelligent computing tools to facilitate rice production have been shown useful, e.g., a neural network-integrated method for rice crop monitoring [36] , and a mobile application, namely Rice Doctor, for assisting farmers [37] .
The main aim of this study is to introduce a quality and risk assessment methodology, i.e., a new fuzzy Failure Mode and Effect Analysis (FMEA) [38] , [39] model with genetic tuning of fuzzy membership functions (FMFs) [40] , [41] and monotone fuzzy rule relabelling (MFRR) [42] , hereafter denoted as Genetic-Fuzzy FMEA, for rice production in Sarawak. The focus is on handling critical issues within the scope of health and safety of humans (farmers and consumers) and environmental issues. The study attempts to inculcate the best practices for farmers and agriculture officers to achieve improved yield and better crop management and, at the same time, mitigate the environmental as well as occupational health and safety risks. In this study, the rice production processes in Sarawak, which include preparing land, establishing crop, transplanting, managing crop, harvesting, postharvesting, and milling, are organized as a series of systematic operations.
The key objectives of using the genetic-fuzzy FMEA are as follows:
(i) to identify the potential failure modes and respective solutions systematically; (ii) to capture and document knowledge and experience from farmers and agricultural officers; (iii) to improve quality, reliability, and safety as well as rice production yield in Sarawak.
In addition, the new Genetic-Fuzzy FMEA model is formulated for the following reasons:
(i) it allows customization of the risk model based on experts' knowledge provided in the form of fuzzy ''IF-THEN'' rules [43] ; (ii) it allows a nonlinear relationship between the outcome of the risk model and its risk factors to be formulated [43] , [44] ; (iii) it is stable against uncertainty and vagueness due to fuzzy information processing [44] (iv) it captures risk factors qualitatively, instead of quantitatively [44] (v) it allows the design of FMFs automatically a genetic algorithm (GA) in accordance with the scale tables of fuzzy FMEA [40] , [41] . VOLUME 6, 2018 (vi) it allows non-monotone fuzzy rules to be preprocessed and incorporated into fuzzy FMEA using MFRR [42] .
B. IMPORTANCE AND SIGNIFICANCE OF THE STUDY
A successful FMEA implementation provides useful guidance to identify potential failure modes based on information and experience learned from similar processes; and reduce or eliminate failures with the minimum effort and resources. From the literature, the use of FMEA in the food industry is not new, e.g. FMEA was used in the Hazard Analysis and Critical Control Point (HACCP) system [45] . An integration of FMEA and HACCP to a food company was reported in [46] . FMEA also serves as a risk assessment tool for the salmon industry [47] , a snail processing plant [48] , and edible bird nest processing [49] . Indeed, it is important to introduce and implement a systematic risk analysis tool for agricultural activities, as exemplified in [50] . It is worth noting that most farmers in Sarawak usually rely on indigenous knowledge and experience in rice cultivation, and without a systematic approach. In this study, valuable data and information are gathered from experienced farmers, with the support from the local government officers. The outcome is important as it serves as the first attempt to introduce a systematically procedure through FMEA to local farmers and government agencies, in order to embark on risk management and impart innovation to the local agricultural sector. Besides that, the FMEA worksheets serve as a useful knowledge base system. Worth mentioning, the use of risk analysis techniques in rice production in Sarawak is new, what to say a genetic-fuzzy FMEA methodology. This study makes a significant contribution to modernization of rice production in Sarawak. Our analysis also suggests that musculoskeletal disorders due to bad postures is a significant occupational hazard in the local rice production industry, and constitutes the most frequently reported injuries. As a result of the new finding, new techniques and tools are invented and introduced to minimize the risk of musculoskeletal disorders among local farmers.
In addition, this paper contributes toward a new and improved fuzzy FMEA methodology for tackling two practical problems in implementing fuzzy FMEA with a fuzzy inference system (FIS)-based Risk Priority Number (RPN) model. Firstly, all Gaussian FMFs are optimized using a GAbased procedure in accordance with the scale tables. The proposed procedure offers a practical solution to a wellknown challenge in FIS modeling, i.e., automatically designing appropriate FMFs for an FIS model. Secondly, MFRR is incorporated into the fuzzy FMEA methodology, which allows non-monotone fuzzy rules from human experts to be pre-processed. Indeed, MFRR offers a practical solution to undertake noisy and possibly non-monotone fuzzy rules from human expert.
II. BACKGROUND
In this section, the geographical locations of the rice fields and rice mills participated in this research for data/information collection are firstly described. The rice production processes are then explained in detail.
A. GEOGRAPHICAL LOCATIONS Fig. 1 depicts the geographical locations of the rice fields and rice mills involved in this research for data/information collection. The participated rainfed rice fields are located in Muara Tuang, Nanga Kemena, Balingian, Kuala Setiam, and Kuala Seterus. Meanwhile, an irrigated lowland rice field for data collection is located in Kampung Sekuduk. Besides that, one farmer's rice mill located at Kuala Seterus and one private rice mill located at Bako are also engaged in this research for data/information collection. Fig. 2 shows a rice field located at Muara Tuang, Sarawak.
B. RICE PRODUCTION PROCESSES
In general, rice production in Sarawak involves seven processes, as shown in Fig. 3 . They are: (P1) preparing land, (P2) establishing crop, (P3) transplanting, (P4) managing crop, (P5) harvesting, (P6) post-harvesting, and (P7) rice milling. It is worth noting that these processes are usually conducted manually.
The purpose of this process is to prepare, clear, and maintain a rice field for rice cultivation. A well-prepared rice field should be clear from weeds and has an efficient bund and drainage system. This process usually starts one or two months before the transplanting process.
2) ESTABLISHING CROP (P2)
The purpose of this process is to prepare healthy rice seedlings for transplanting (P3). There are two common methods of rice planting in Sarawak, (i) direct seeding and (ii) transplanting. The transplanting method is commonly used for rain-fed lowland rice cultivation in Sarawak. Rice seedlings are firstly planted in nursery seedbeds, and then transplanted to the main fields when they are mature.
3) TRANSPLANTING (P3)
Transplanting reduces the competition of rice with newly emerged weeds. Rice seedlings need sufficient water in the early stage of growth to facilitate early rooting [9] . As such, the most appropriate time for transplanting is during the rainy season.
4) MANAGING CROP (P4)
The purpose of this process is to manage and monitor the growth of rice by giving sufficient care, starting from the vegetation stage until the ripening stage. Sufficient care during this process can maintain healthy rice growth, leading to a good yield. In this process, farmers are potentially exposed to chemical hazards, such as fertilizers, herbicide, and pesticide.
5) HARVESTING (P5)
The purpose of this process is to collect matured grains from the rice field. Generally, there are two common manual harvesting methods: (i) using ketap [51] , [52] ; (ii) using sickle. Ketap (from the native Iban language [51] ) is a type of hand knife consisting of a thin metal blade fitted in the center of a handle bamboo or rattan (see Fig. 4(a) ). Sickle is a shorthandled farming tool with a semi-circular blade (see Fig. 5 (b)). At present, ''ngetau'' (which means ''using ketap to harvest rice'' in Iban language [51] ) is still the most common way for rice harvesting, in which, the panicle of the ripened grain is cut. It is both the religious and traditional belief that rice has spirit, and should be tenderly harvested using ketap [52] . The practice of ''ngetau'' is not effective, as it allows the farmers to harvest the ripened grains only with a slowworking pace.
6) POST-HARVESTING (P6)
The purpose of this process is to handle the harvested grains. Rice grains are threshed from the panicle either by foot stepping ( Fig. 6(a) ) or hitting ( Fig. 6(b) ), in conjunction with the use of ketap or sickle, respectively. The chaff or empty grain is separated using winnowing techniques. 
7) RICE MILLING (P7)
The purpose of this process is to remove husk and the bran layer of the grains, leading to edible rice. Quality rice is free from impurities, such as dirt, weeds and stones, with the minimum amount of broken kernels. 
III. METHODOLOGY
The conventional FMEA adopts an RPN model for prioritization of potential failure modes [38] . The standard RPN model, i.e., RPN = S × O × D, considers three risk factors as the inputs, i.e. Severity (S), Occurrence (O), and Detection (D) ratings, and produces an RPN score as the output [38] . Note that S and O are the seriousness (effects) and frequency of a failure mode, while D is the effectiveness to detect a failure mode with the existing measures in the organization before the failure effect reaches the customer [38] . Fig. 8 shows a flow chart of the genetic-fuzzy FMEA methodology with a FRPN [39] - [41] , [43] , [53] used in this paper. The fuzzy rules are not monotone even though they should be, viz., noise exists [42] . Therefore, in this paper, a monotone fuzzy rule relabeling procedure [42] is used to restore the monotonicity property of the fuzzy rules.
Step A to M are explained in detail, as follows.
A. DEFINE THE SCALE TABLES FOR SEVERITY, OCCURRENCE AND DETECTION
The scale tables of S, O, and D are developed from discussion with the DOA officers and experienced farmers, as shown in Tables 1, 2 As an example, an interval for score of 9 or 10 of S, in such j s = 5, is assigned with the linguistic term of ''Very high''. The scores within the interval indicates a potential failure mode with a very serious effect(s), (e.g., serious impact on food security, human health, or environmental issues), where an immediate action is a must. A score of 9 or 10 of S is also relevant to incompliance with environmental as well as Occupational Safety and Health Administration (OSHA) regulations.
An interval is characterized by three points, i.e., the lower limit, the midpoint, and the upper limit. The width of an interval, W j x is obtained using (1) . As an example, the lower limit, the midpoint, and the upper limit for j s = 2 are 1.5, 2.5, 
where c j x and σ j x parameterize the center and width of an FMF, respectively. The width of an FMF pertaining to an α-cut, W α , is equal to ac j x or c j x b, and is determined by (3), as depicted in Fig. 9 [41] .
The FMFs are designed based on a mathematical condition explained in [39] and [53] , which satisfy the following inequality.
( dµ
where 1 ≤ x ≤ 10, j k = 1, 2, . . . , m x − 1; c j x is set to 1 and 10, for j k is 1 and m x , respectively. Note that c j x is set to the midpoint, for j k = 2, . . . , m x − 1, e.g., c j S is 1, 2.5, 5, 7.5, 10, for j S = 1, 2, 3, 4, 5, respectively. In addition, σ j x are tuned using a GA-based procedure, i.e., minimiz-
, such that inequality (4) is satisfied, with α = 0.5. Figure 10 illustrates the general GA procedure to minimize the objective value in Eq (5). 
The lower and upper limits of RPN scores are set to 1 and 1000, respectively. In this study, there are seven fuzzy membership functions for RPN scores, i.e., B l RPN , l = 1, 2, . . . , 7, with the linguistic terms of Extremely Low, Very Low, Low, Medium, High, Very High, and Extremely High, respectively. The fuzzy singletons, (i.e., b l RPN , l = 1, 2, . . . , 7), for these fuzzy membership functions are 1, 174.5, 324.5, 449.5, 649.5,799.5, and 1000, respectively. An example of the fuzzy rules is shown in Figure 17 
D. RELABEL FUZZY RULE(S)
The fuzzy rules from the DOA officer are non-monotone [42] , i.e., judgement error or noise exists. A monotone fuzzy rule relabeling procedure [42] is used to obtain a set of monotone fuzzy rules with the minimum modelling loss. As example, R 14 and R 19 are associated with the same fuzzy linguistic terms for Severity and Detection, of Minor and Low, respectively. The fuzzy linguistic terms for Occurrence for R 14 and R 19 are medium and high, respectively. R 14 and R 19 are associated with B l RPN , with linguistic terms of low and very low, respectively. The monotone property suggests that b 19 ≥ b 14 , but this is not the case. The same goes to R 15 and R 20 . These non-monotone fuzzy rules are relabeled to obtain a set of useful monotone fuzzy rules. B 14 and B 20 are replaced with very low and low, respectively.
E. STUDY THE PROCESSES AND DIVIDE EACH PROCESS TO SUB-PROCESSES
The rice production processes including its intentions, purposes, goals, and objectives are studied. Each rice production process is further divided into sub-processes.
F. DETERMINE POTENTIAL FAILURE MODES FOR EACH SUB-PROCESS
The potential failure modes for each sub-process are identified, from discussions with DOA officers and experienced farmers.
G. DETERMINE THE EFFECT(S) OF EACH FAILURE MODE
The effect(s) of each failure mode is determined.
H. DETERMINE THE ROOT CAUSE(S) FOR EACH FAILURE MODE
The root cause(s) for each failure mode is determined. 
I. LIST CURRENT CONTROL/ PREVENTION STRATEGY OF EACH ROOT CAUSE
The current control/ prevention mechanism of each root cause is listed.
J. EVALUATE SEVERITY, OCCURRENCE AND DETECTION SCORES
S, O, and D scores are evaluated.
K. CALCULATE FRPN SCORE
In this study, the zero-order Sugeno FIS model [42] is adopted. Note that µ
is the compatibility grade, or the firing strength, for each fuzzy rule. The FRPN scores are obtained using (7) [39] . In addition, the RPN scores are obtained using standard RPN model [38] .
L. ANY CORRECTION NEEDED?
If there is any correction to the FMEA worksheet, which include potential failure modes, their root causes, effects, control/prevention strategies, or S, O, or D ratings, return to step E. Otherwise, the process is deemed complete.
M. END IV. CASE STUDY
In each process, there are potential hazard pertaining to human health and safety issues, as well as environmental concerns. These hazards are denoted as failure modes, and the fuzzy FMEA procedure serves as a systematic quality and reliability tool to analyze these potential hazards. The root cause(s) and effect(s) of each potential failure mode and their respective control and prevention mechanism(s) are analyzed using both standard RPN and FRPN models. The detailed FMEA worksheet is presented in Appendix 2. A general discussion on the worksheet, and a detailed fuzzy FMEA study for each potential failure mode on hazard are presented in the following sections.
A. A GENERAL DISCUSSION ON THE FMEA WORKSHEET
There is a total of 45 potential failure modes and 45 effects (all tagged with S ratings), 48 root causes (all tagged with O ratings), and 49 control/ prevention mechanisms (all tagged with D ratings). A summary of the S, O, and D ratings for these effects, root causes, and corrective actions is presented in Figure 18 .
There are 7 effects with an S rating of 10, 35 effects with an S rating of 9, 2 effects with an S rating of 8, and 1 effect with an S rating of 6. Meanwhile, there are 4 root causes with an O rating of 10, 5 root causes with an O rating of 9, 3 root causes with an O rating of 7, 2 root causes with an O rating of 5, 8 root causes with an O rating of 3, 20 root causes with In short, most effects have very high S ratings (9 or 10), which imply that the effects are relevant to serious impacts on yield, food safety, environmental, or human health (i.e., OSHA laws and regulations) issues. The distribution of O ratings is un-even. There are 34 root causes with low and extremely low O ratings (1 to 3), 12 root causes with High and Very High O ratings (7 to 10), and 2 root causes with a medium O rating of 5. All control/prevention mechanisms have acceptable D ratings (i.e., lower than 6).
A qualitative risk analysis of these potential failure modes pertaining to S and O is summarized in Figure 19 . Referring to Tables 1 and 2 , an S versus O matrix is established, which can be divided into five categories, i.e., very low risk (light blue), low risk (dark blue), acceptable risk (yellow), high risk (orange), and very high risk (red).
There are 12 potential failure modes in the very high risk category. These potential failure modes are C1.4, C1.8, C2.2, C3.1, C4.2, C4.3, C4.12, C5.2, C5.3, C6.3, C7.2, and C7.3. Generally, these potential failure modes have excellent control/prevention mechanisms (i.e., D ratings of 1 to 2), except C5.3, C6.3, C7.2, and C7.3, which have acceptable control/prevention mechanisms (i.e., D ratings of 4 to 6). In short, the risk analysis indicates that the potential failure modes with in the very high risk category are well-managed.
B. PREPARING LAND (P1)
Preparing land (P1) is the initial step in rice production. There are ten potential failure modes in this process. For the six highest priority potential failure modes, the ordering outcome obtained using FRPN is in accordance with RPN score, but better than those of standard RPN. Mis-use of chemicals (i.e., C1.4) is associated with the highest RPN (i.e., 100) and also the highest FRPN (i.e., 994), with an S rating of 10, and it is based on the higher O rating. Severe chemical poisoning could cause death, which is critically incompliance to OSHA laws and regulations. There are two root causes in C1. 4 . The first is the use of chemicals which inevitably contain poisonous substances that can potentially cause death, if misuse occurs. The second root cause is human errors, specifically carelessness of farmers for failing to keep the chemical substances in a safe place. An effective solution is to label the chemicals and keep them in a safe place.
Not wearing protective gear when handling chemical substances (i.e., C1.8) and direct exposure to chemical substances (i.e., C1.6) are associated with the second highest RPN score of 81, but with different FRPN scores. C1.8 is associated with an FRPN score of 893, with S rating of 9. C1.8 leads to effects of skin allergy, itchiness, eye injuries, and inhalation problems. It occurs because of wearing inappropriate attire, especially when carrying apparatus manually during warm weather conditions, which has an O rating of 9. This failure mode can be effectively solved by wearing a proper personal protective equipment (PPE) when handling chemical substances, leading to an D rating of 1. Meanwhile, C1.6 is associated with the third highest FRPN score of 740. C1.6 leads to inhalation and dermal problems, which has an S rating of 9. The root cause is farmers do not wear PPE properly when handling chemical substances, leading to an O rating of 3. As such, wearing PPE properly is the good solution, with an D rating of 3. A discussion with DOA officers suggests that the prioritization outcomes using FRPN is better, since it involves a high O rating.
Injury when handling sharp machete during slashing operations (i.e., C1.1, with S, O and D ratings of 9, 3 and 2, respectively), poorly maintained knapsack sprayer (i.e., C1.3) and exposed to the sun (i.e., C1.5) are associated with the same S, O, and D ratings of 9, 2 and 3, respectively. They are associated with the third highest (and the same) standard RPN score of 54. C1.1 is associated with the third highest FRPN score (i.e. 740). This is followed by C1.3 and C1.5, which have the same FRPN score (i.e., 734). C1.1 leads to potential loss of ability to work efficiently, and its root cause is human error, specifically careless of farmers. Therefore, handling sharp machete carefully is a good solution. C1.3 causes leakage of chemical substances over the operator's hands and body, causing skin allergy. The root cause is frequent use of equipment without proper maintenance. Cleaning and maintaining the knapsack sprayer regularly is a good solution. Meanwhile, C1.5 results in inhalation and dermal problems.
The root cause is working without wearing hat, long sleeve shirt, and trousers. A good solution is by wearing a hat, long sleeve shirt, and trousers during working hours.
The remaining potential failure modes are associated with different orderings of standard RPN (i.e., C1.2, C1.9, C1.10, and C1.7) and FRPN (i.e., C1.9, C1.10, C1.7, and C1.2) scores. Domain experts (i.e., DOA officers) indicate that orderings of the FRPN scores are more appropriate to indicate the risk priorities of these hazards towards human and environment concerns.
C. ESTABLISHING CROP (P2)
Establishing crop (i.e., P2) is an important process for producing healthy seedlings. There are four potential failure modes. Bad posture (i.e., C2.2) is associated with the highest standard RPN (i.e., 126) and FRPN (i.e., 798) scores, with S, O, and D ratings of 9, 7, and 2, respectively. It is associated with an S rating of 9, as it can lead to temporary or potentially permanent chronic back pain for farmers. It occurs frequently as farmers tend to ignore the consequence of bad posture during seeding and uprooting seedlings, therefore an O rating of 7. Practicing a good posture is a good and effective solution, leading to an D rating of 2.
Direct exposure to fungicide (i.e., C2.1) and direct exposure to the sun (i.e., C2.3) carry the same standard RPN score of 54, but with different FRPN scores of 740 and 734, respectively. C2.1 is harmful to farmers' health, potentially causing dermal and inhalation problems. It is associated with an S rating of 9. Not wearing PPE properly when handling fungicides is the root cause of this failure mode, with an O rating of 3. The only solution is to wear suitable PPE when handling fungicides, and this is an effective prevention mechanism, leading to an D rating of 2. C2.3 is very similar to C1.6, which has the same standard RPN, FRPN scores with the same S, O, and D ratings.
Over-use of fungicide (i.e., C2.4) is associated with a standard RPN score of 32, an FRPN score of 678, as well as S, O, and D ratings of 8, 2, and 2, respectively. This failure mode causes adverse pollution to the environment. It occurs as a result of failing to follow the recommended dosage of fungicide. Fortunately, there are relatively very few occurrences of this failure mode. Therefore, it is important to ensure that only the recommended dosage of fungicides is applied.
D. TRANSPLANTING (P3)
Two key potential failure modes are identified during the transplanting (P3) process, namely, bad posture (i.e., C3.1) and exposure to the sun (i.e., C3.2), with standard RPN and FRPN scores of 126 and 798, 54 and 734, respectively. C3.1 is similar to C 2.2, but with different prevention mechanisms. Meanwhile, C3.2 is similar to C1.6 and C2.3, and they share the same standard RPN and FRPN scores, and S, O, and D ratings. 
E. MANAGING CROP (P4)
During managing crop (i.e., P4), almost all the tasks involve chemical substances, which tend to cause hazards to humans and the environment. There are sixteen potential failure modes in P4. All the potential failure modes in P4 are associated with very high S ratings of 9 or 10. Therefore, P4 has relatively high FRPN scores, all above 600. By using the standard RPN model, the prioritization sequence is C4.12, C4.3, C4.2, C4.7, C4.15, C4.13, C4.4, C4.6, C4.8, C4.11, C4.5, C4.1, C4.9, C4.16, C4.10, and C4.14. Meanwhile, using the FRPN model, the prioritization sequence is C4.3, C4.2, C4.15, C4.12, C4.9, C4.13, C4.1, C4.4, C4.7, C4.6, C4.8, C4.11, C4.5, C4.10, C4.16, and C4.14. Again, feedback and opinions from domain experts (DOA officers) suggest that the prioritization outcome of FRPN is better than that of standard RPN.
Mis-use of chemical substances (i.e., C4.3) is associated with the highest FRPN score of 994. C4.3 is similar to C1.4. However, using standard RPN, C4.3 has a lower priority than that of C4.12, even though C4.12 is associated with lower S and O ratings. Domain experts suggest that C4.3 should be the first priority, as it has both S and O ratings of 10, even though its D rating is 1. Failing to wear protective gear when handling chemicals (i.e, C4.2) is the second to be prioritized, with an FRPN score of 893, which is similar to C1.8. Follow by bad posture (i.e., C4.12) with an FRPN score of 798, is similar to C2.2 and C3.1. The fourth is chemical substances enter the water stream (i.e, C4.15), which is associated with an FRPN score of 795. It occurs because of chemical substances are applied during/before raining, resulting in water pollution, as well as adverse effects to the population of fish and other aquatic organisms. The potential failure mode is associated with an S rating of 10, since it potentially degrades environment quality and leads to incompliance of environmental laws. C4.15 can be effectively prevented by avoiding the spray of chemical substances during or before raining.
The next potential failure mode is accidentally consumed bait-type products (i.e., C4.9), with an FRPN score of 784. This failure mode is associated with an S rating of 10, as it can cause severe food poisoning, which could cause death to the victims. It can occur to children as they do not know how to differentiate consumable food from bait-type products. Fortunately, this failure mode is associated with an O rating of 2, as it rarely occurs. An effective solution to this failure mode is to separate bait-type products far from consumable food.
Other potential failure modes include C4.13, C4.1, C4.4, C4.7, C4.6, C4.8, C4.11, C4.5, C4.10, C4.16, C4.14, with FRPN scores ranging from 740 to 673. All these potential failure modes are associated with O ratings between 1 and 3. Nevertheless, they can be avoided effectively by following their recommended preventive mechanisms.
F. HARVESTING (P5)
There are six potential failure modes during harvesting (i.e., P5). The ordering sequence obtained using FRPN is in accordance with that of standard RPN. Bad posture (i.e., C5.3) is associated with the highest standard RPN and FRPN scores of 450 and 924, respectively. It is similar to C2.2, C3.1, and C4.12, but with different standard RPN and FRPN scores, and different O and D ratings. This potential failure mode is inevitable, because farmers always face difficulties in lodging rice plant, since they need to bend their bodies during harvesting. Practicing a good posture during harvesting can reduce the negative health impacts, but not perfectly. The second potential failure mode is scratches on the body (i.e., C5.2) with standard RPN and FRPN scores of 90 and 924, respectively. It can cause minor skin cut, skin infection, or itchiness. This potential failure mode occurs frequently, and is almost unavoidable because rice stalks are sharp, and they contain allergic particles. Fortunately, it can be prevented effectively by wearing long-sleeve shirt, long trousers, and gloves during harvesting.
The third potential failure mode is direct exposed to the sun (i.e., C5.5), with standard RPN and FRPN scores of 54 and 734, respectively. This is similar to C1.6, C2.3, C3.2, and C4.11. Injury when handling harvesting tools (i.e., C5.1) and keeping wet grains for a prolonged period (i.e., C5. Another potential failure mode is excessive use of chemicals (i.e., C5.6), with standard RPN and FRPN scores of 18 and 734, respective. C5.6 can lead to water pollution, which affects the population of fish and other aquatic organisms. It occurs when farmers do not follow the recommended dosage. The occurrence rate is very low, with an O rating of 2. This potential failure mode can be prevented effectively by ensuring farmers always apply the recommended dosage of chemicals when clearing the land after harvesting (P5).
G. POST-HARVESTING (P6)
There are three potential failure modes in post-harvesting (P6). Foreign particles such as small stones mixed with sundried grains (i.e., C6.3) is associated with the highest FRPN score of 893 and standard RPN score of 486. C6.3 poses health and safety hazards to consumers, since accidentally consume the foreign particles and small stones can cause choke or teeth brittle. Besides that, foreign particles may reside in the human body for a long period too. This potential failure mode occurs frequently because of wind blows small particles into sun-dried grains. A solution is to sun-dry the grains on clean areas, away from foreign particles.
The next potential failure mode is storing wet grains for a prolonged period (i.e., C6.2), which has standard RPN and FRPN scores of 36 and 734, respectively. C6.2 causes rice product to be unsafe for consumption. This potential failure mode occurs because of delays in sun-drying the wet grains. It can be easily mitigated by ensuring that sun-drying of VOLUME 6, 2018 wet grains is carried out immediately during sunny days. Direct exposure to the grains (i.e., C6.1) is another potential failure mode, with standard RPN and FRPN scores of 18 and 673, respectively. C6.1 can cause itchiness or skin allergy on farmers with sensitive skin. It occurs due to delays in taking a bath/shower after threshing grains. But, this potential failure mode seldom occurs. Immediately taking a bath/shower after handling grains is an effective preventive mechanism of this potential failure mode.
H. RICE MILLING (P7)
There are four potential failure modes in rice milling (i.e., P7). Exposure to noise in a prolonged period (i.e., C7.2) is associated with the highest standard RPN score of 486. It has the same FRPN score of 893 as that of exposure to a dusty environment in a prolonged period (i.e., C7.3). C7.2 can cause impair to the hearing ability of workers and it happens inevitably as they are frequently exposure to machine noise. The solution is to ensure that the workers wear an ear muff when handling the machines, which can mitigate the negative impacts considerably, but not perfectly. C7.3 is associated with the second highest standard RPN score of 405, with the same FRPN score as that of C7.2. C7.3 can cause chronic inhalation problems and possible lung cancers. It occurs frequently, and is almost inevitable. The only solution is by ensuring all workers wear suitable PPE in the working environment.
Another two potential failure modes are machinery hazard (i.e., C7.1) and presence of pests such as rats and cockroaches in machines (i.e., C7.4). C7.1 is associated with standard RPN and FRPN scores of 30 and 795, respectively. The root cause is human errors, specifically carelessness of workers. As such, workers are constantly reminded to be careful when handling machines. Meanwhile, C7.1 is also associated with standard RPN and FRPN scores of 40 and 784, respectively, with the root cause of faulty of machines. To prevent this failure mode, a proper inspection of the machine conditions before operations is an effective measure. C7.4 with standard RPN and FRPN scores of 40 and 784, respectively, can result in unsafe rice product. This is normally caused by human errors when checking the machines before the operation. It can be prevented effectively by inspecting the machines properly before starting the operation.
I. COMPARISON AND EVALUATION OF PRIORITIZATION OUTCOMES
A comparison of the prioritization outcomes for all 46 control/prevention mechanisms using both RPN and FRPN models, with an expert's evaluations, is summarized in Table 4 . Column ''Corrective action'' tabulates the label of the corrective actions. Columns ''S'', ''O'' and ''D'' are the S, O and D ratings for the associated corrective actions, respectively. Columns ''RPN'' and ''FRPN'' are the scores obtained using RPN and FRPN models, respectively. As an example, C1.2 is associated with S, O, and D of 6, 3, and 2, respectively. C1.2 has RPN and FRPN scores of 36 and 527, respectively, and is associated with the expert's judgement of Medium. It can be observed that the prioritization outcomes from FRPN is better, as it is in accordance with to the expert's judgement. On the other hand, C1.7, C1.10, C4.14, C4.16, C6.1, C1.9, C2.4, and C4.10, are associated with FRPN scores from 673 to 687, and all have the expert's judgement of High. All control/prevention mechanisms associated with the expert's judgement of Very High have FRPN scores from 734 to 893. The control/prevention mechanisms associated with the expert's judgement of Extremely high have FRPN scores from 924 to 994.
In addition, it can be observed that C4.3 and C1.4, which are associated with the failure modes related to mis-use of chemical, have the highest FRPN score of 994. This is followed by C5.3 and C5.2 with an FRPN score of 924, which are related to bad posture and scratches on body, respectively. However, using the RPN model, C7.2, which is related to the failure mode of exposure to noise in a long period, has the highest RPN score of 486, but is associated with the expert's judgment of Very High. In short, the prioritization outcomes using FRPN is more reasonable with respect to the expert's judgement, as compared with those from the RFN model.
V. FINDINGS AND IMPACTS
The effects and root causes of potential failure modes in rice production have been further categorized. A total VOLUME 6, 2018 of 29 effects are related to farmers' health and OSHA regulations, 10 are related to food safety, and 6 are related to environmental issues. From the FMEA perspective, this finding is new and useful, since the existing information 74640 VOLUME 6, 2018 systems in the literature (e.g., Ricecheck [30] , [31] palaycheck [32] , rice crop manager [33] , and SRI [34] , [35] hardly stress on issues pertaining to farmers' health and OSHA regulations. Besides that, most of the root causes are related to humans (i.e., farmers themselves). This is followed by root causes related to methods, materials, management, and machines.
In this paper, the potential failure modes for rice production processes in Sarawak are identified. The strategies to reduce or eliminate these potential failure modes with minimal effort and available resources are brainstormed. One of the most important root causes leading to high standard RPN and FRPN scores are related to farmers' postures, e.g., stooping and kneeling positions, while carrying out various planting tasks. Again, these findings have not been documented in the literature [30] - [35] . As an example, Figure 20 (a) shows a farmer working with a stooping position. This has been identified as a bad posture (i.e., C2.2, C 3.1 and C 4.12). A good posture is important to avoid injuries or back pain, therefore reducing the effects of the related potential failure modes. Indeed, by practicing a good posture, the O rating reduces from 7 to 5, leading to a standard RPN score of 9×5×2 = 90 and FRPN of 743. However, farmers normally do not practice and maintain a good posture, as shown in Figure 20(b) , for a prolonged period as it causes discomfort. Such problems are in line with the findings in [54] and [55] which indicates that musculoskeletal disorders are significant hazards in agricultural occupations, which constitute the most frequently reported injury. In the real situation, maintaining a standard ergonomic working posture in the agriculture industry is not easy, as agricultural operations involve a variety of tasks in multiple locations [54] .
A survey was conducted to better analyze and understand the situation pertaining to musculoskeletal disorders. Five experience farmers were interviewed. The survey results are summarized in Table 5 . Long working hours, up to 9 hours, is reported during P5, which usually leads to serious back pain, as well as occasional hand and leg pain, even for young farmers (younger than 30 years old). The survey results are in agreement with the prioritization outcomes from the FMEA analysis.
Through the findings of using FMEA as well as the outcomes of the survey, new methodologies and tools can be introduced to inculcate best practices and improve the risk priority scores in standard RPN and FRPN models. As an example, the bad posture problem in P2 (i.e., C2.2) can be prevented effectively by using a new local invention for seeding, which is originated from a farmer, as shown in Figure 21 . Using the new tool, C2.2 can be prevented and eliminated, as farmers can now carry out the seeding task without stooping or kneeling. Such a simple and low cost innovation leads to modernization of rice production and brings benefits to the rice farming community.
VI. CONCLUSION
The use of fuzzy FMEA to the rice production processes in Sarawak, Malaysia has been systematically studied in this paper. The potential failure modes have been identified and analyzed based on their effects, root causes, and detection mechanisms. Comprehensive FMEA tables along with the S, O, and D scores have been established. The standard RPN and FRPN scores have been computed, with the results analyzed and discussed. Fuzzy FMEA also serves as an effective information tool for improving the rice production processes specifically in Environmental, Health, and Safety perspective.
Compared with other existing information systems [30] - [35] , we use fuzzy FMEA on issues pertaining to farmers' health, OSHA regulations, and environmental issues in this study. The findings indicate that farmers' postures (i.e., stooping and kneeling positions) in carrying out various tasks in the paddy field are the common root causes for many potential health and safety related issues.
For further work, it would be useful to investigate fuzzy arithmetic and fuzzy set, as well as artificial neural networks related methods [56] - [59] for enhancing the rice production processes. We also aim to disseminate the fuzzy FMEA tool to all stakeholders concerned in the rice industry and other local government agencies. The ultimate aim is to raise awareness of the importance of using a systematic quality and risk assessment tool, such as FMEA, for enhancing productivity and improving occupational health and safety pertaining to various agricultural activities.
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